The oncogenic role of WNT is well characterized. Wntless (WLS) (also known as GPR177, or Evi), a key modulator of WNT protein secretion, was recently found to be highly overexpressed in malignant astrocytomas. We hypothesized that this molecule may be aberrantly expressed in other cancers known to possess aberrant WNT signaling such as ovarian, gastric, and breast cancers. Immunohistochemical analysis using a TMA platform revealed WLS overexpression in a subset of ovarian, gastric, and breast tumors; this overexpression was associated with poorer clinical outcomes in gastric cancer (P ¼ 0.025). In addition, a strong correlation was observed between WLS expression and human epidermal growth factor receptor 2 (HER2) overexpression. Indeed, 100% of HER2-positive intestinal gastric carcinomas, 100% of HER2-positive serous ovarian carcinomas, and 64% of HER2-positive breast carcinomas coexpressed WLS protein. Although HER2 protein expression or gene amplification is an established predictive biomarker for trastuzumab response in breast and gastric cancers, a significant proportion of HER2-positive tumors display resistance to trastuzumab, which may be in part explainable by a possible mechanistic link between WLS and HER2. Modern Pathology (2015) 28, 428-436; doi:10.1038/modpathol.2014 published online 26 September 2014 The molecular mechanisms controlling the maturation and secretion of WNT proteins in the cells responsible for their production are attracting considerable attention. Wntless (WLS) (also known as GPR177 and Evi) was recently discovered as a key modulator of WNT protein secretion. [1] [2] [3] This multipass transmembrane protein localizes to compartments of the secretory pathway including the Golgi apparatus, endosomes, and plasma membrane. WLS acts as a WNT cargo receptor, shuttling palmitoylated Wnts from the endoplasmic reticulum to the plasma membrane, and it is required for exocytosis of WNT proteins from the WNT-producing cells. 4 In contrast to most other components of the WNT signaling pathway, only a single WLS gene exists in vertebrate genomes. WLS appears to be required for the secretion of all WNT proteins in both the canonical and noncanonical WNT pathways. 5 Augustin et al 6 recently demonstrated that WLS is highly overexpressed in malignant astrocytomas, indicating that the aberrant release of canonical and noncanonical WNT is a potential driver of glioma tumorigenesis required for proliferation, survival, and migration of glioma cells. Their work raises the question of whether WLS has a similar role in other cancers known to have aberrant activation of WNT signaling, including ovarian, gastric, and breast cancers. [7] [8] [9] [10] [11] [12] [13] [14] [15] 
The molecular mechanisms controlling the maturation and secretion of WNT proteins in the cells responsible for their production are attracting considerable attention. Wntless (WLS) (also known as GPR177 and Evi) was recently discovered as a key modulator of WNT protein secretion. [1] [2] [3] This multipass transmembrane protein localizes to compartments of the secretory pathway including the Golgi apparatus, endosomes, and plasma membrane. WLS acts as a WNT cargo receptor, shuttling palmitoylated Wnts from the endoplasmic reticulum to the plasma membrane, and it is required for exocytosis of WNT proteins from the WNT-producing cells. 4 In contrast to most other components of the WNT signaling pathway, only a single WLS gene exists in vertebrate genomes. WLS appears to be required for the secretion of all WNT proteins in both the canonical and noncanonical WNT pathways. 5 Augustin et al 6 recently demonstrated that WLS is highly overexpressed in malignant astrocytomas, indicating that the aberrant release of canonical and noncanonical WNT is a potential driver of glioma tumorigenesis required for proliferation, survival, and migration of glioma cells. Their work raises the question of whether WLS has a similar role in other cancers known to have aberrant activation of WNT signaling, including ovarian, gastric, and breast cancers. [7] [8] [9] [10] [11] [12] [13] [14] [15] The aim of this study was to evaluate WLS protein expression, as well as the clinicopathological significance of this expression, in these three cancer types.
Materials and methods

Materials
Primary tumors were studied from 198 patients with epithelial ovarian adenocarcinoma, representing all the main cancer subtypes, as well as full sections of paired primary tumors and omental metastases from 6 patients with serous ovarian tumors. All tumors were obtained from the Northern Ireland Biobank, under ethical approval (NIB12-0031). Tumors from 300 patients with breast cancer were also studied under appropriate ethical consent (NIB11-0017). Finally, 142 gastric tumors and 78 matched normal controls were analyzed, according to protocols described earlier 16 and under ethical approval (National University of Singapore Institutional Review Board; NUS-IRB 06-063). These cases were selected randomly from retrospective collections in the pathology departments of the contributing institutions, reviewed by subspecialty pathologists in ovarian (GWMcC), breast (DB), and gastric (MS-T) cancer. All the immunohistochemical markers reported in this study were analyzed in a TMA framework, in the manner described below.
The available clinical and pathological data for the ovarian cancer study cohort included gender, age, tumor size, tumor stage, histological grade, survival, progression-free survival, and the chemotherapeutic regime and response. Scoring information for the same tumors was available for the baseline routine diagnostic immunohistochemical markers CA125, CK7, WT1, HMGA2, HNF1, PAX8, CK20, and CA19.9, chosen as they are relevant in routine histopathology reporting of ovarian cancer.
The available clinical and pathological data for the gastric cancer study cohort included age at surgery/treatment, tumor location, adenocarcinoma subtype, TNM stage, and tubular differentiation. Immunohistochemical scoring information for the same tumors was available for proteins HER2, SHH, PCNA, Ki67, CA IX, b-catenin, CD133, CD44, Mu, lgr5, EGFR, and p27Kip1, in the context of previous work in this tissue microarray. 17 The available clinical and pathological data for the breast cancer study cohort included age at diagnosis, gender, TNM stage, histological subtype, lymph node involvement, and lymphovascular invasion. Scoring information for the same tumors was available for the routine diagnostic immunohistochemical markers estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) as part of an ongoing study.
Methods
Tissue microarray construction. Three sets of ovarian cancer tissue microarrays containing three cores from 198 primary ovarian cancer cases, three sets of breast tissue microarrays containing three cores from 300 breast cancer cases, and one set of gastric tissue mircroarrays containing 142 gastric cancer cases were constructed as detailed in previous studies. 18, 19 A 1.0-mm-diameter needle was used to punch a donor core from morphologically representative areas of a donor tissue block. The core was subsequently inserted into a recipient paraffin block using a MTA-1 Manual Tissue Arrayer (Beecher Instruments, WI). Three cores were taken from the center of the tumor tissue. A single core was taken from histologically normal ovary. Consecutive tissue microarray sections of 3.5-mm thickness were cut and placed on slides for immunohistochemical analysis.
Immunohistochemistry. The primary antibody was YJ5, an IgG1k mouse monoclonal antibody specific for human WLS/GPR177 (Coombs et al 4 and available from Millipore, cat. # MABS87). Human breast cancer cell line MDA-231 with knockdown of WLS expression and HeLa cell lines with constitutive WLS expression were fixed in formalin and embedded in paraffin (mimicking the laboratory conditions of our clinical samples), and used for immunohistochemistry optimization. Numerous antigen dilutions, antigen retrieval methods, and antigen exposure times were tested until the adequate expression patterns were detected in the cell line controls, namely no expression in the knockdown cells and predominant cytoplasmic expression in the HeLa cells (Figure 1 ). Negative controls consisted of the omission of primary antibody without any other changes to subsequent procedures. Once optimized, the antibody was tested in numerous normal tissues. It was observed that there was consistent cytoplasmic expression in the myoepithelial constitutive layer of normal breast duct epithelium, which from that point onward represented our positive control for further experiments. The optimized method was as follows. Antigen retrieval was performed in a microwave for 20 mins in citrate buffer. Endogenous peroxidase activity was blocked using a solution of 10% hydrogen peroxide (dissolved in 1% alcohol). Sections were washed and incubated with WLS primary antibody at a dilution of 1:100 (dissolved in TBS) for 24 h at 4 1C. Immunohistochemical staining was performed using the peroxidase EnVision kit (DakoCytomation, Copenhagen, Denmark) according to the manufacturer's instructions. Sections were counterstained with Mayers Haematoxylin (Leica CV5030 Autostainer).
For HER2 immunohistochemical analysis, the ORACLE HER2 Bond IHC system (CB11) mouse monoclonal antibody (Bond-maX, Menarini, Florence, Italy) was also used. HER2 immunohistochemical staining was performed using the automated Leica Microsystems Bondmax (Leica, Wetzlar, Germany) according to the manufacturer's instructions. 20 Sections were then lightly counterstained with hematoxylin.
Tissue microarray scoring. Immunohistochemical staining was scored either microscopically or using the tissue microarray digital pathology toolbox (PathXL). The intensity of tumor cell staining was scored semiquantitatively on a 4-point scale (0 ¼ unstained at high power, 1 ¼ visible at high power but not at low power, 2 ¼ visible at low power, and 3 ¼ strongly visible at low power). The proportion of tumor cells with positive staining was scored semiquantitatively on a 5-point scale (1 ¼ 0-20%, 2 ¼ 21-40%, 3 ¼ 41-60%, 4 ¼ 61-80%, and 5 ¼ 81-100%). The score for each core is calculated by multiplying the intensity by proportion. Owing to the natural dropout of samples in tissue microarray studies, the number of optimal ovarian cancer cores was reduced from a maximum possible 594 to 526; gastric cancer cores were reduced from 142 to 100; and breast cancer cores were reduced from 900 to 563.
Statistical analysis and clinicopathological correlation. Correlation analysis performed for the triplicate sets of all tissue microarrays indicated consistency of expression across the sets, proving the suitability of tissue microarrays for the analysis proposed. WLS expression was compared between tumor subgroups using Mann-Whitney U-tests (as used previously by Cavicchioli et al 21 ) and chisquared analysis. The association between WLS scoring and clinicopathological parameters was analyzed using chi-squared analysis, and the correlation between WLS scoring and scoring for baseline markers was analyzed using Spearman's rank correlation. Kaplan-Meier survival analysis was used to compare survival in patients with WLSpositive versus WLS-negative tumors. Statistical significance was calculated by two-tailed statistical analysis. In the figures and tables, a single asterisk marks a P-value o0.05, two asterisks represent P-values o0.01, and three asterisks represent P-values o0.001.
Results
WLS Protein Expression in Cancer
Ovary. Normal ovarian surface epithelium showed no WLS expression (Figure 2a ). WLS expression varied significantly between ovarian cancer pathological subtypes ( *** Po0.001). In all, 83% (19/23) of endometrioid carcinomas, 70% (95/136) of serous carcinomas, 69% (9/13) of mucinous carcinomas, and 48% (14/29) of clear cell carcinomas showed WLS expression. All four ovarian tumor subtypes had significantly higher WLS expression than normal ovarian surface layer: serous *** Po0.001, clear cell ** P ¼ 0.004, endometrioid *** Po0.001, and mucinous ** P ¼ 0.002. When WLS expression was compared between subtypes, it was found to be significantly higher in endometrioid compared with serous ( * P ¼ 0.039) and clear cell ( ** P ¼ 0.010) carcinomas, and higher, although not significantly, than mucinous carcinoma (possibly because of the small sample size of mucinous carcinomas). Although serous ovarian cancer was initially analyzed as a single disease entity, recent molecular studies suggest that high-grade serous ovarian cancer should be treated as a separate disease from low-grade and borderline serous ovarian cancer. 22 Indeed, WLS expression varied significantly between serous ovarian cancer grades ( *** Po0.001). WLS was found to be expressed in 77% (89/116) of high-grade serous tumors compared with 25% (5/20) of borderline and low-grade serous tumors. Highgrade serous carcinomas expressed significantly higher levels of WLS than both low-grade serous ( ** P ¼ 0.004) and borderline serous ( ** P ¼ 0.002) tumors. Metastatic cases showed significantly higher expression than both borderline ( ** P ¼ 0.002) and low-grade carcinomas ( ** P ¼ 0.003), and higher, although not significantly, than high-grade serous tumors (P ¼ 0.064). Increasing WLS expression with histological grade is shown in Figure 3 . Demonstration of lack of expression in normal gastric epithelium and in diffuse-type gastric cancer (e and g), whereas intestinal metaplasia and intestinal-type gastric cancer show enhanced expression (f and h) (Po0.001). Demonstration of the myoepithelial component of normal breast duct expressing WLS (i). We found no significant difference in WLS expression between breast cancer subtypes (see j-l, representing ductal, lobular and mixed ductal-lobular breast cancer).
(1/5) of mixed gastric tumors, 45% (9/20) of diffuse gastric tumors, and 61% (42/69) of intestinal gastric tumors. Diffuse (*P ¼ 0.012) and intestinal ( *** P ¼ o0.001) gastric tumors expressed significantly higher levels of WLS than normal gastric epithelium. Mixed gastric tumors showed higher WLS expression compared with matched normal samples, although not significantly. Intestinal-type gastric tumors showed higher WLS expression than both diffuse and mixed gastric tumors.
Breast. In this study, 48% (109/226) of breast cancer cases exhibited WLS protein overexpression. Unlike in ovarian and gastric carcinomas, no significant difference in WLS expression was found between the different histological subtypes of breast cancer. A similar proportion of each of the three main histological subgroups (invasive ductal carcinoma, invasive lobular carcinoma, and mixed tumors) expressed WLS. See Figures 2i-l.
Correlation of WLS Expression with Clinicopathological Parameters and Other Cancer Markers
Ovary. Clinicopathological data were only available for serous carcinomas. Chi-squared analysis revealed that only the degree of differentiation was significantly associated with WLS expression ( *** P ¼ o0.001), as previously mentioned. KaplanMeier survival analysis comparing WLS expression with overall survival and progression-free survival showed no significant differences between WLSpositive and WLS-negative tumors. When WLS expression was compared with the expression of other cancer markers, a strong negative correlation with CA125 expression (**P ¼ 0.002) and a strong positive correlation with HMGA2 expression was found ( *** Po0.001). In all, 4% (7/201) of epithelial ovarian carcinoma tumor samples were HER2 positive. A significant positive correlation was found between WLS scoring and HER2 expression ( ** P ¼ 0.001). All the HER2-positive ovarian carcinomas (7/7, 100%) expressed WLS, as shown in Figures 5a and d . Five serous ovarian carcinomas were HER2 positive. When the correlation between HER2 scoring and WLS scoring was analyzed for serous ovarian carcinomas alone, this significant correlation remained ( *** Po0.001). All the HER2-positive serous ovarian carcinomas (5/5, 100%) expressed WLS.
Gastric. w 2 analysis revealed no significant relationship between WLS expression and any clinicopathological parameter. Kaplan-Meier survival analysis showed a nonsignificant trend toward poorer overall survival and progression-free survival in WLS-positive gastric cancer patients. As intestinal gastric carcinomas showed the highest WLS expression, survival was also analyzed for intestinal tumors alone. Progression-free survival was significantly shorter in WLS-positive intestinal gastric tumors (P ¼ 0.025*) Figure 4b ; overall survival was also shorter, albeit not significantly (Figure 4a) .
WLS expression showed a significant correlation with other cancer markers, including HER2 genomic copy number status (HER2 FISH and CISH are 100% concordant in our earlier gastric cancer study) and Ki67 (*P ¼ 0.031) expression. When limited to only intestinal gastric carcinomas, WLS expression correlated significantly with HER2 genomic copy number status (**P ¼ 0.010) and immunohistochemical expression (*P ¼ 0.041). When the relationship between WLS expression and HER2 expression was analyzed further using chi-squared analysis, 100% (8/8) of HER2-positive intestinal gastric carcinomas expressed WLS (*P ¼ 0.020). This is illustrated in Figures 5b and e. Breast. w 2 analysis revealed no statistically significant association between WLS expression and any clinicopathological parameter. The association of WLS expression and histological grade approached statistical significance (P ¼ 0.068). The proportion of breast tumors expressing WLS increased with increasing grade. There was no survival difference between WLS-positive and WLS-negative breast carcinoma patients. WLS expression showed a significant positive correlation with HER2 expression ( ** P ¼ 0.001) Figures 5c and f, and a significant negative correlation with ER ( * P ¼ 0.015) and PR ( * P ¼ 0.034) expression.
Discussion
WLS Expression in Ovarian, Gastric, and Breast Cancers
The involvement of WNT signaling in ovarian, gastric, and breast cancers is well characterized. 23,24 
WLS expression association with HER2 overexpression
The finding that WLS is overexpressed in a subset of ovarian, gastric, and breast cancers provides further evidence for the role of WNT signaling in these malignancies. Our finding that significantly higher numbers of endometrioid carcinomas strongly express WLS compared with the other subtypes is consistent with previous findings that activation of WNT signaling is more common in this subtype. 25 The finding that significantly higher numbers of high-grade serous tumors strongly express WLS compared with low-grade and borderline serous tumors highlights the possible oncogenic role of WNT in these cancers. In addition, WLS expression was much more common in intestinal gastric tumors as compared with diffuse and mixed gastric tumors, consistent with the known activation of WNT signaling, as seen by nuclear expression of b-catenin, in this cancer subtype. 11, 26, 27 Furthermore, the percentage of breast cancers with WLS overexpression reported in this study, 48%, is consistent with the overexpression of components of the WNT signaling pathway reported earlier, and reviewed by Howe and Brown. 24 
HER2 Expression in Gastric, Ovarian, and Breast Cancers
Since the discovery of HER2 amplification in human breast cancer 25 years ago, 28 HER2 overexpression and gene amplification have been identified in other cancer types including ovarian and gastric cancer. 29 The association of HER2 expression with poor prognosis in breast, 30 gastric, [31] [32] [33] [34] and ovarian cancers 35 has been reported, although, to the best of our knowledge, the only 'well-defined' association with prognosis is with breast cancer. HER2 is also an important predictive biomarker for trastuzumab response in breast 36, 37 and gastric cancers. 38 The value of HER2 as a predictive biomarker in ovarian cancer is less established. HER2 has been targeted in ovarian cancer in the clinical trial setting, and preclinical data indicate that HER2 inhibitors including trastuzumab, 39 lapatinib, [40] [41] [42] and pertuzumab 43, 44 are effective in a subset of HER2-positive ovarian tumors, although this is still not the standard of care for this malignancy.
WLS and HER2 in Gastric, Ovarian, and Breast Cancers
Interestingly, when we compared WLS expression with the expression of a panel of cancer markers, a strong correlation was observed between WLS expression and HER2 expression across cancer subtypes ( Figure 5 ) ( Table 1 Biologically, the increased or nuclear expression of b-catenin has been used in the literature as a marker for WNT signaling activation in general, as well as a means to establish a possible relation between WNT signaling and HER2 expression. [45] [46] [47] [48] However, b-catenin protein expression in cancer is controversial, as the presence and location of expression is often inconsistent between studies. As only one WLS gene exists in the human genome that is responsible for the secretion of all WNT proteins, WLS may represent a plausible alternative to b-catenin as a measure of WNT signaling activation. Clinically, the observation reported here may be of particular relevance. HER2 is an established poor prognostic marker in breast 30 cancer, and several studies also report it as a poor prognostic marker in gastric [31] [32] [33] cancer. In this study, WLS expression was also associated with significantly shorter progression-free survival in gastric cancer cases (*P ¼ 0.025). A mechanistic link between HER2 and WLS may help explain the aggressive and chemoresistant nature of HER2-positive breast, ovarian, and gastric cancer tumors, and why patient with these tumors have lower than expected response rate to agents that target HER2. Recent literature suggests a possible pathway in which WLS and HER2 may be involved via the transcription factor signal transducer and activator of transcription 3 (STAT3) and the known mediator of trastuzumab and chemotherapy resistance nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB). HER2 signaling via NFkB is known to contribute to progression and chemoresistance in ovarian, 49-51 gastric, 52 and breast cancers. [53] [54] [55] [56] In primary breast tumors, HER2 not only stimulates NFkB expression but is also itself unregulated by NFkB, stimulating a closed loop responsible for chemoresistance, which includes STAT3. [54] [55] [56] WLS may be another key component of this signaling pathway. In this way, WLS may act as a biomarker to identify patients who are unlikely to respond to chemotherapy and/or trastuzimab alone, and join HER2 analysis in the armamentarium of personalized medicine-related biomarkers.
WLS is also a potential therapeutic target. 57 Only 20-30% of HER2-positive breast cancer patients respond to trastuzumab monotherapy. 58, 59 If WLS is a key component of a pathway responsible for trastuzumab resistance that is expressed across cancer subtypes, then WLS could be targeted therapeutically alone, or in conjunction with trastuzimab, to help overcome resistance.
In conclusion, this study is the first characterization of the protein expression of the WNT secretion protein WLS in ovarian, gastric, and breast cancers.
This study has revealed a strong association between the expression of WLS and HER2 that has important biological and clinical implications. HER2 is an important predictive biomarker to identify patients who likely to respond to trastuzumab. However, the response rate of HER2-positive patients to this therapy remains relatively low. Recent literature in combination with the findings of this study suggests that WLS may be a key component of a pathway responsible for trastuzumab resistance. WLS would represent a very attractive therapeutic target, especially as it is expressed across cancer subtypes. Further investigation may provide concise mechanistic insights into the association between these important signaling molecules.
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